We report a biochemical and structural characterization of domain 2 of the nonstructural 5A protein (NS5A) from the JFH1 Hepatitis C virus strain and its interactions with Cyclophilins A and B (CypA and CypB). Gel filtration chromatography, circular dichroism spectroscopy and finally NMR spectroscopy all indicate the natively unfolded nature of this NS5A-D2 domain. Because mutations in this domain have been linked to Cyclosporin A (CsA) resistance, we used NMR spectroscopy to investigate potential interactions between NS5A-D2 and cellular CypA and CypB. We observed a direct molecular interaction between NS5A-D2 and both Cyclophilins. The interaction surface on the Cyclophilins corresponds to their active site, whereas on NS5A-D2, it proved distributed over the many proline residues of the domain. NMR heteronuclear exchange spectroscopy yielded direct evidence that many proline residues in NS5A-D2 form a valid substrate for the enzymatic peptidyl-prolyl cis/trans isomerase (PPIase) activity of CypA and CypB.
We report a biochemical and structural characterization of domain 2 of the nonstructural 5A protein (NS5A) from the JFH1 Hepatitis C virus strain and its interactions with Cyclophilins A and B (CypA and CypB). Gel filtration chromatography, circular dichroism spectroscopy and finally NMR spectroscopy all indicate the natively unfolded nature of this NS5A-D2 domain. Because mutations in this domain have been linked to Cyclosporin A (CsA) resistance, we used NMR spectroscopy to investigate potential interactions between NS5A-D2 and cellular CypA and CypB. We observed a direct molecular interaction between NS5A-D2 and both Cyclophilins. The interaction surface on the Cyclophilins corresponds to their active site, whereas on NS5A-D2, it proved distributed over the many proline residues of the domain. NMR heteronuclear exchange spectroscopy yielded direct evidence that many proline residues in NS5A-D2 form a valid substrate for the enzymatic peptidyl-prolyl cis/trans isomerase (PPIase) activity of CypA and CypB.
Hepatitis C Virus (HCV)
2 is a small positive-strand RNA enveloped virus belonging to the Flaviviridae family and the genus Hepacivirus. With 120-180 million chronically infected individuals worldwide, hepatitis C virus infection represents a major cause of chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma (1). The HCV viral genome (~9.6kb) codes for a unique polyprotein of ~3000 amino acids (recently reviewed in (2) (3) (4) ). Following processing via viral and cellular proteases this polyprotein gives rise to at least 10 viral proteins, divided into structural (Core, E1 and E2 envelope glycoproteins) and non-structural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, NS5B). Non structural proteins are involved in polyprotein processing and viral replication. The set comprised of NS3, NS4A, NS4B, NS5A and NS5B constitutes the minimal protein component required for viral replication (5) .
Cyclophilins are cellular proteins that have been first identified as CsA-binding proteins (6) . As FK506-binding proteins (FKBP) and Parvulins, Cyclophilins are peptidyl-prolyl cis/trans isomerases (PPIase) that catalyze the cis/trans isomerisation of the peptide linkage preceding a proline (6, 7) . Several subtypes of Cyclophilins are present in mammalian cells (8) . They share a high sequence homology, a well conserved three dimensional structure but display significant differences in their primary cellular localization and in their abundance (9) . CypA, the most abundant one, is primarily cytoplasmic, whereas CypB is directed to the endoplasmic reticulum (ER) lumen or the secretory pathway. CypD, on the other hand, is the mitochondrial cyclophilin. Cyclophilins are involved in numerous physiological processes such as protein folding, immune response or apoptosis and also in the replication cycle of viruses including vaccinia virus (VV), vesicular stomatitis virus (VSV), SARS-coronavirus and human immunodeficiency virus (HIV) (for review see (10) ). For HIV, CypA has been shown to interact with the capsid (CA) domain of the HIV Gag precursor polyprotein (11) . CypA thereby competes with the CA/TRIM5 interaction, resulting in a loss of the antiviral protective effect of the cellular restriction factor TRIM5α (12, 13) . Moreover, it has been shown that CypA catalyzes the cis/trans isomerisation of G221-P222 in CA and that it has functional consequences on HIV replication efficiency (14) (15) (16) . For HCV, Watashi et al. have described a molecular and functional interaction between NS5B, the viral RNA-dependent RNA polymerase (RdRp), and Cyclophilin B (CypB) (17) . CypB would be a key regulator in HCV replication by modulating the affinity of NS5B for RNA. This regulation is abolished in the presence of Cyclosporin A (CsA), an inhibitor of Cyclophilins (6) . These results provided for the first time a molecular mechanism for the early-on observed anti-HCV activity of CsA (18) (19) (20) . Although this initial report suggested that only CypB would be involved in the HCV replication process (17) , a growing number of studies has recently pointed out a role for other Cyclophilins (21) (22) (23) (24) (25) .
In vitro selection of CsA-resistant HCV mutants pointed out the importance of two HCV non structural proteins, NS5B and NS5A (26) , with a preponderant effect for mutations in the Cterminal half of NS5A. NS5A is a large phosphoprotein (49kDa), indispensable for HCV replication and particle assembly (27) (28) (29) , but for which the exact function(s) in HCV replication cycle remain to be elucidated. This non structural protein is anchored to the cytoplasmic leaflet of the ER membrane via an N-terminal amphipathic α-helix (residues 1-27) (30, 31) . Its cytoplasmic sequence can be divided into three domains: D1 (residues 27-213), D2 (residues 250-342) and D3 (residues 356-447), all connected by lowcomplexity sequences (LCS) (32) . D1, a zincbinding domain, adopts a dimeric claw-like shape structure which is proposed to interact with RNA (33, 34) . NS5A-D2 is essential for HCV replication while NS5A-D3 is a key determinant for virus infectious particle assembly (27, 35) . NS5A-D2 and -D3, for which sequence conservation among HCV genotypes is significantly lower than for D1, have been proposed to be natively unfolded domains (28, 32) . Molecular and structural characterization of NS5A-D2 from HCV genotype 1a has confirmed the disordered nature of this domain (36, 37) .
As it is still not clear which Cyclophilins are cofactors for HCV replication and as mutations in HCV NS5A protein were associated with CsA resistance, we decided to examine the interaction between both CypA and CypB and domain 2 of the HCV NS5A protein. We first characterized at the molecular level NS5A-D2 from the HCV JFH1 infectious strain (genotype 2a), and showed by NMR spectroscopy that this natively unfolded domain indeed interacts with both Cyclophilin A and Cyclophilin B. NMR chemical shift mapping experiments indicate that the interaction occurs at the level of the Cyclophilin active site, whereas it lacks a precise localization on NS5A-D2. A peptide derived from the only well-conserved amino acid motif in NS5A-D2 does interact with Cyclophilin A, but only with a tenfold lower affinity than the full domain. We conclude from this that the many proline residues form multiple anchoring points, especially when they adopt the cis conformation. NMR exchange spectroscopy further demonstrates that NS5A-D2 is a substrate for the peptidyl-prolyl cis/trans isomerase (PPIase) activities of both CypA and CypB. Both the NS5A/Cyclophilin interaction and the PPIase activity of the Cyclophilins on NS5A-D2 are abolished by CsA, underscoring the specificity of the interaction.
EXPERIMENTAL PROCEDURES
Sequence analysis -Sequence analyses were performed using tools available at the Institut de Biologie et Chimie des Protéines (IBCP) Network Protein Sequence Analysis (NPSA) website (http://npsa-pbil.ibcp.fr ) (38) . HCV NS5A sequences were retrieved from the European HCV Database (http://euhcvdb.ibcp.fr/) (39) . Multiplesequence alignments were performed with CLUSTAL W (40) using default parameters. The repertoire of residues at each amino acid position and their frequencies observed in natural sequence variants were computed by the use of a program developed at the IBCP 3 .
Expression and purification of non-labelled, [
15 N]-and [ 15 N, 13 C]-labelled NS5A-D2 (JFH1) -The synthetic sequence coding for the domain 2 of HCV NS5A protein from JFH1 strain (euHCVdb (39); #AB047639, genotype 2a) was introduced in the bacterial expression vector pT7.7 with a 6xHis tag (41) . The resulting recombinant domain 2 of HCV NS5A (NS5A-D2) (residue 248 to 341) has extra M-and -LQHHHHHH extensions at N-and C-termini, respectively. The pT7-7-NS5A-D2 plasmid was introduced in Escherichia coli BL21(DE3) (Merck-Novagen, Darmstadt). Cells were grown at 37°C in Luria-Bertani (LB) medium for non-labelled protein or in a M9-based semi-rich medium (M9 medium supplemented with 13 C-labelling only), Isogro 13 C, 15 N powder growth medium (1g/L, 10%) (Sigma-Aldrich, France). At an OD 600 of ~0.7, the protein production was induced with 0.4mM isopropyl 1-thio-β-D galactopyranoside (IPTG) and cells were harvested by centrifugation 3.5 hours postinduction. NS5A-D2 was first purified by Ni 2+ -affinity chromatography (HisTrap column 1mL, GE Healthcare Europe, Orsay, France). Selected fractions were pooled, dialyzed against 20mM Tris-Cl pH 7.4, 2mM EDTA and then submitted to a second purification step by ion exchange chromatography (ResourceQ 1mL column, GE Healthcare Europe, Orsay, France). Following SDS-PAGE analysis, NS5A-D2 containing fractions were selected and pooled. The protein was concentrated up to 340µM with a Vivaspin 15 concentrator (cut-off 5kDa) (Satorius Stedim Biotech, Aubagne, France) while simultaneously exchanging the buffer against 20mM NaH 2 PO 4 /Na 2 HPO 4 pH 6.4, 30mM NaCl, 1mM DTT (or 1mM THP), 0.02% NaN 3 . After filtration (0.2µ), NS5A-D2 aliquots were stored at -80°C with few Chelex 100 beads (Sigma-Aldrich, France).
Circular Dichroism (CD) -CD spectra were recorded on a Chirascan dichrographe (AppliedPhotophysics, Surrey, UK) calibrated with 1S-(+)-10-camphorsulfonic acid. Measurements were carried out at room temperature in a 0.1-cm path length quartz cuvette, with protein concentrations ranging from 5 to 15µM. Spectra were recorded in the 185 to 260nm wavelength range with a 0.5nm increment and a 2s integration time. Spectra were processed, baseline corrected, and smoothed using Chirascan software. Spectral units were expressed as the molar ellipticity per residue by using protein concentrations determined by measuring the UV light absorbance of tyrosine and tryptophane at 280nm. The alpha helix content was estimated with the method of Chen et al (42) . NMR data collection and assignmentsSpectra were acquired on either a Bruker Avance 600MHz equipped with a cryogenic triple resonance probe head or a Bruker Avance 800MHz with a standard triple resonance probe (Bruker, Karlsruhe, Germany). The proton chemical shifts were referenced using the methyl signal of TMSP (sodium 3-trimethyl-sill-[2,2',3,3'-d4]propionate) at 0 ppm. Spectra were processed with the Bruker TopSpin software package 1.3 and analyzed using the product-plane approach developed in our laboratory (44 Assignments of the CypB spectrum were taken from our previous study (43 15 N, 13 C labelled protein component, whereas the HNCO spectrum with modified phases to select for the non-13 C labelled 15 N nuclei (that we will further call the HN(noCO) spectrum (47) Cyclophilin PPIase activity toward NS5A-D2 -PPIase activity of CypA and CypB on NS5A-D2 were assessed using EXSY spectra whereby the exchange was monitored on the proton resonance (in homonuclear 1 H-1 H spectra, (48) 
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N z-exchange spectra were recorded on an 800MHz spectrometer with 0.88, 25, 50, 100, 200, 300 and 400ms mixing times. PPIase activities were analyzed on a sample of 220µM [
15 N]-NS5A-D2 and 23µM CypB or CypA in 20mM NaH 2 PO 4 /Na 2 HPO 4 pH 6.3, 30mM NaCl, 0.02% NaN 3 , 1mM DTT. Exchange rates were derived from a simplified version from the analytical form given in (38) , by only taking into account the maximal intensity of the trans-cis exchange peak (Itc) and the trans diagonal peak (Itt). This procedure minimized problems with exchange broadening of the cis diagonal peak due to the interaction with the Cyp, and with signidficant proton overlap hindering the reliabvble integration of the weak off-diagonal peaks. The exchange rate (kexch), as a function of mixing time (MT), was determined by using a least-squares fitting procedure between the experimental data and the theoretical Equation 2 adapted from (15).
To confirm that the exchange peaks were due to the PPIase activity of cyclophilins, Cyclosporin A (CsA) was added in the sample and a 1 H-15 N zexchange spectra was recorded with a 100ms mixing time. 
RESULTS
Sequence analysis. We performed sequence analysis and structure predictions to assess the degree of conservation of the NS5A-D2 domains across the different strains and to identify potential essential amino acids (aa) and motifs. The aa repertoire deduced from the analysis of 21 HCV isolates of genotype 2a revealed that aa are strictly conserved in 70% of sequence positions (denoted by asterisks in Figure 1A ). The apparent variability is limited at most positions since the observed residues exhibit similar physicochemical properties, as indicated both by the similarity pattern (colons and dots) as well as the hydropathic pattern where o, i, and n denote hydrophobic, hydrophilic, and neutral residues, respectively (see legend to Figure 1A for details). The degree of conservation among different genotypes was investigated by ClustalW alignment of 27 reference sequences representative for the major HCV genotypes and subtypes (see legend to Figure 1A ). The aa repertoire derived from this alignment revealed an apparent high level of variability, except for some well conserved positions that are likely essential for the structure and/or function of NS5A-D2. However, despite this apparent variability, conservation of the hydropathic character at most positions indicates that the overall structure of NS5A-D2 is conserved among the different HCV genotypes. There are however some short variable stretches of sequences (underlined in Fig 1A, bottom) , which appear to be genotype specific. Typically, a main sequence difference between genotypes is the four aa deletion observed in genotype 2, including JFH1 (highlighted by hyphens in Fig. 1A ).
Molecular characterization of HCV NS5A-D2 ( JFH1) -
NS5A-D2 is efficiently produced in a soluble form when recombinantly overexpressed in E. coli, and could be purified to almost homogeneity (see Supplemental Figure 1 ). Despite an excellent agreement between expected (11639 Da) and experimental mass as determined by mass spectroscopy, NS5A-D2 has an apparent molecular weight (MW) of ~18kDa by SDS-PAGE. This discrepancy is probably due to the primary aa sequence of NS5A-D2 which includes many acidic residues and prolines (50, 51) . In gel filtration chromatography, the protein elutes at a volume corresponding to a ~30kDa globular protein, (Figure 1B) . Such a large apparent MW in a gel filtration assay is commonly associated with natively unfolded proteins devoid of globular domain (52) .
The structure of NS5A-D2 was further characterized by circular dichroism (CD) spectroscopy ( Figure 1C) . In aqueous buffer, NS5A-D2 gave a complex spectrum with a large negative band around 198 nm and a shoulder in the 220-240 nm range, indicating a mixture of random coil structure with the presence of some poorly defined structures. To probe the potential conformational preference of NS5A-D2, we used TFE which is known to stabilize the folding of peptidic sequences, especially those exhibiting an intrinsic propensity to adopt an α-helical structure (53) . The addition of 50% TFE induced a limited structuration attributed to some α-helix formation. Indeed, the difference spectrum shown in Figure  1C is consistent with a small amount of α-helical folding with a maximum at 192 nm and two minima at 208 and 222 nm. Assuming that the residue molar ellipticity at 222 nm is exclusively due to α-helix upon addition of TFE, a maximum of only about 6 % α-helix content could be estimated, in agreement with the low level of α-helical structure predicted from aa sequence analysis ( Figure 1A) .
The 1 H, 15 N-HSQC of NS5A-D2 ( Figure 2A ) displays a narrow proton chemical shift range, limited to 1ppm excluding 3 outlying peaks (W312, A313 and R326; see below). This low level of dispersion again points to the nonstructured nature of the polypeptide, at least when isolated in solution. Using triple resonance NMR spectroscopy on a doubly labelled NS5A-D2 sample and an in-house developed product-plane based assignment procedure (44) , all backbone amide proton resonances could be assigned except for the 15 proline residues. The outlying peaks were assigned to W312, A313 and R326 ( Figure  2) . 13 C O , 13 Cα and 13 Cβ resonances were assigned for 94 residues, and were used to probe the secondary structure content at a per-residue level in NS5A-D2. Carbon chemical shifts when compared to their values for the amino acid in a short unstructured peptide give a good indication of the secondary structure adopted by the amino acid in the full protein (54) . Analysis of the chemical shift index (CSI) shows a majority of negative CSI values for 13 Cα and 13 CO, whereas the 13 Cβ CSI values are generally positive ( Figure  2B ) (54) . Although this hints to an extended structure, the CSI consensus values are zero all along the NS5A-D2 sequence, confirming the absence of stable secondary structure elements even at the local level.
Next to the assigned peaks, and despite the high level of purity obtained by our two-step purification procedure (Supplemental Figure 1) , numerous less intense peaks could be observed in the 1 H, 15 N-HSQC spectrum ( Figure 2A ). Corresponding to residues in the vicinity of a proline in the cis conformation, 32 of these minor peaks could be assigned in the same triple resonance spectra used for the initial assignment (minor forms will be named cis forms in the following). Although the high content of proline residues (15 Pro in the 94aa fragment of NS5A-D2) led sometimes to ambiguity regarding the identity of the cis-Proline at the origin of the chemical shift difference, the presence of several minor peaks corresponding to various residues around a given Proline allowed the assignment and quantification of the cis/trans ratio for a major fraction of the prolyl bonds (Supplemental Table  1 ).
Interaction between NS5A-D2 and human Cyclophilins -As mutations in the C-terminal half of NS5A have been shown to confer CsAresistance for mutant HCV (26), we investigated the direct physical interaction between NS5A-D2 and Cyclophilins. Although CypA is the prominent cytosolic isomerase (10, 25) , the initial report of cyclophilins being involved in HCV replication suggested Cyclophilin B (CypB) as the corresponding partner (17) . We therefore tested independently the interaction of NS5A-D2 with CypA and CypB. Finally, because we wanted with a single sample obtain the chemical shift changes on both partners in order to map the mutual interaction surfaces, we mixed 15 N-labelled NS5A-D2 and 15 N, 13 C-labelled CypA or CypB and used the planes from the HN(CO) and HN(noCO) experiments to obtain subspectra displaying only the one or the other molecular entity (47) .
Comparing the Cyp subspectra in the absence and presence of an equimolar quantity of NS5A-D2, we noted that only a limited number of CypA or CypB resonances were affected (Supplemental Figure 2) . Beyond proving the existence of a direct physical interaction between both partners, mapping the chemical shifts on the Cyp primary sequences and then on their respective three-dimensional structures allowed us to define precisely the interaction sites (Figure 3 ). For both CypA and CypB, the interaction site is centered on the active site for their isomerase activity, which coincides with the CsA binding surface, and even extends somewhat beyond this direct CsA binding surface (Figure 3 ). In agreement with this, the interaction was completely abolished in the presence of CsA, as the spectra of Cyp/CsA with or without NS5A-D2 were strictly identical (data not shown). In order to quantify the interaction strength between both partners, we titrated increasing amounts of unlabeled NS5A-D2 into samples of Figure 4A to 4C) . However, residues in the active site of both Cyps broadened with increasing NS5A-D2 concentrations, as if multiple interactions were simultaneously present. In order to confirm this unexpected observation, we repeated the titration experiment with a synthetic peptide (PepD2, residues 304 to 323 of NS5A) corresponding to the best conserved region of NS5A-D2, that simultaneously contains the motif 310-PAWARP -315 with the outlying 1 H, 15 N chemical shift values (vide supra). With this peptide, the titration behavior when monitored on exactly the same residues of the active site of CypA did not show the broadening observed with the full NS5A-D2 domain. On the other hand, saturation was much slower to set in, and we derived a tenfold weaker binding with a K D value of 830μM ( Figure 4D to  4F ). This all suggests that the D2 domain interacts in a distributed manner with the Cyclophilin active site.
In order to confirm this by a direct observation on the NS5A-D2 spectrum, we compared the HN(noCO) subspectra of 15 Nlabelled NS5A-D2 alone with that of NS5A-D2 in the previous samples (Supplemental Figure 3) . Concentrating first on the most intense peaks, that all had been mapped to their respective residue, next to a proline in the trans conformation, in the NS5A-D2 polypeptide, we found a zone of significant spectral changes around the outlying peak of W312 ( Figure 5 ). Upon addition of the Cyclophilins, these peaks did not shift but rather broadened beyond detection. Line broadening occurs when the time scale of the exchange process is on the same order as that set by the frequency difference between the free and bound state. NMR line broadening of neighbouring residues R302, S303, A311, A313 and R314 thereby was significantly more pronounced with CypA than with CypB (Supplemental Figure 3 and Figure 5 ). Moreover, the amide proton resonances of residues G304, A308, L309 (see Supplemental Figure 3 ), D316, Y317 and N318 were unaffected in the presence of CypB, whereas they were no more detectable in the presence of CypA or broadened for Y317 ( Figure 5 and 6C) . Among the numerous proline residues observed in NS5A-D2, only P310, P315 and P319, which are in the direct vicinity of this interaction region, are fully conserved in any genotypes ( Figure 1A ).
Other residues that had their peaks severely broadened upon addition of the Cyclophilins were C338 and A339, but these C-terminal residues are just upstream of the C-terminal His-tag, making an interpretation of this interaction in the isolated D2 domain more difficult. Importantly, however, the signals assigned to the minor cis forms for all prolines almost completely disappeared in the spectra of the complexes. This indicates that individual peptides containing cis-prolyl bonds interact via these cis-Prolines with the Cyclophilins. We thus next investigated the peptidyl-prolyl cis/trans isomerase activity of CypA and CypB.
Enzymatic activities of Cyclophilins on domain 2 of HCV NS5A protein -We first characterized the Cyclophilin catalyzed peptidylprolyl cis/trans isomerization by homonuclear EXSY spectroscopy (48, 55) . In this experiment, one visualizes as off-diagonal peaks those amide functions that have physically changed from the cis to trans (or vice versa) during the mixing delay (typically of the order of 100 milliseconds). Without Cyclophilins, the exchange rate of peptidyl-prolyl bonds, even in unstructured peptides, is too slow (k exch < 0.1s -1 ) to lead to detectable exchange peaks in EXSY spectra. When adding the Cyclophilin in catalytic amounts, we did detect several novel exchange peaks. However, the natively unfolded nature of NS5A-D2 and ensuing limited proton dispersion renders the assignment of these peaks extremely difficult on the sole basis of their proton chemical shift. Moreover, the proton chemical shift differences between trans and cis forms being often very limited, potential exchange peaks coincide nearly with the diagonal. The homonuclear EXSY experiments thus led us to conclude that both Cyclophilins do isomerize distinct peptidyl-prolyl bonds within NS5A-D2, but without allowing the assignment of the peptidyl-prolyl bonds or the evaluation of the catalytic efficacy.
In order to increase resolution and allow assignment of the individual processes, we performed a series of N-labelled NS5A-D2 sample in the presence of catalytic amounts of CypA or CypB (1:10). The exchange between two conformations is now monitored at the level of the amide function (characterized by a 1 H, 15 N correlation peak in the HSQC spectrum) rather than for the sole amide proton frequency as in the EXSY experiment. Heteronuclear exchange spectra were acquired at different mixing times: 0.88, 25, 50, 100, 200, 300 and 400ms. At the shortest mixing time (0.88ms), no exchange peaks connecting the major and minor peak of a given residue were visible, but the minor peaks did already broaden ( Figure 6 and Supplemental Figure 4 ), in agreement with our previous results on the 1:1 complexes. Broadening was more severe for the complex with CypA than for the one with CypB, pointing towards an equally stronger binding of CypA to those alternative anchoring points formed by the cis prolines in the NS5A-D2 sequence. Upon increasing the exchange interval (mixing time), additional connecting peaks could be observed and assigned for several residues ( Figure 6 and Supplemental Figure 4 ), thereby confirming their assignment and excluding that these minor peaks come from a degradation product or other molecular entity. Comparing the exchange spectra obtained with CypA and CypB, we found roughly the same set of additional peaks, suggesting that both Cyps have a similar activity towards the peptidyl-prolyl bonds in NS5A-D2. Both Cyps moreover lack a clear specificity, as PPIase catalyzed exchange peaks could be assigned for residues in the vicinity of almost all the 15 Proline residues in the NS5A-D2 sequence. Only for P306, P319 and P320, we did not detect exchange peaks for residues in their direct neighborhood, but spectral overlap clearly limited our analysis of the process around these prolines. What does distinguish both Cyclophilins, though, is the catalytic efficacy of the isomerization. Even with careful normalization of the enzyme content in NMR samples, the CypA catalyzed exchange peaks were generally more intense than those obtained with CypB. Extracting a rate constant (k exch ) from the build-up of the exchange peaks as a function of increasing exchange time ( Figure  6D ), we found that the CypA catalyzed exchange rates range from 14s -1 for Q331 to 61s -1 for M283, with a mean value of 29s -1 as calculated over the 10 residues for which a reliable rate constant could be extracted ( Figure 6E ). CypB as an enzyme is less effective, with exchange rates ranging from 3s -1 for L277 to 31s -1 for Q331, and an average of 11s -1 determined over the 14 NS5A-D2 residues for which the experimental data led to reliable curves. As it was the case for the homonuclear EXSY spectra, the additional peaks connecting cis and trans conformers of a given residue disappeared upon addition of CsA (Supplemental Figure 5 ).
DISCUSSION
NS5A is required in several steps of the HCV life cycle, including replication and infectious particle assembly (3, 27, 57) , but its precise roles are still not known. Recent mutational analyses have shown that many residues of its D2 domain are essential for RNA replication (29) , and several mutations in this domain were reported to confer resistance to Cyclosporine A (CsA) (26) . However, structural data that are required for further understanding of these observations are still limited.
We have chosen here to study the D2 domain in the context of the HCV genotype 2a (JFH1). This clone, isolated from a Japanese patient with a fulminant hepatitis, allows for infectious virus propagation in cell culture (58) (59) (60) . When overproduced recombinantly and purified to homogeneity, all biochemical and biophysical characterization methods indicate that the isolated domain 2 of NS5A (JFH-1) is unstructured (Figures 1 and 2) . A similar increase in apparent molecular weight, random coil CD spectrum and limited dispersion for the amide proton chemical shifts in the NMR spectrum were previously described for the genotype 1a NS5A-D2 domain, although the two domains share only 48% sequence identity (36, 37) (See Supplemental Figure 6 ). The NS5A-D2 domain thus belongs to the growing group of natively unstructured proteins, which gain function upon interaction with their molecular partners (61, 62) . Furthermore, when we used the carbon chemical shifts to detect potential structure at the local level (CSI strategy) (54), we could not detect even small stretches of stable secondary structure, that might have gone undetected by the macroscopic approaches described above. However, the amide resonances of the Trp312 and Ala313 in the most conserved 310-PAWARP -315 motif resonate at an unusual proton and nitrogen frequency ( Figure  2A ). As these anomalous chemical shifts were equally present in the genotype 1a NS5A-D2 domain (37) and as this W312-A313 segment as well as P310 and P315 are fully conserved in all genotypes ( Figure 1A ), we synthesized a peptide centered on this motif, and are currently pursuing a detailed NMR analysis to interpret the anomalous chemical shift values in structural terms.
Certain mutations in the D2 domain of NS5A confer resistance to Cyclosporin A (CsA) (26), a cyclic undecapeptide whose primary target in the eukaryotic cell is members of the Cyclophilin family (63) . Cyclophilins are peptidyprolyl cis/trans isomerases that are involved in the life cycle of several viruses. The best characterized example is CypA interacting with the capsid domain of the HIV Gag polyprotein precursor (12) . For HCV, the implication of Cyclophilins in the viral life cycle came from the observation that the Cyclophilin specific inhibitor CsA has anti-HCV properties (18, 20, 23 (24) . Whereas these reports functionally link the Cyclophilins to NS5B, a recent study indicates that the sensitivity of HCV for CsA not only depends on NS5B, but equally (and even more) on NS5A (26) . Finally, whereas the earlier reports mainly pointed to CypB as the modulator of the NS5A/B activity, recent results have questioned this, and the dependency of HCV replication on cyclophilin subtypes may equally vary with the genotype. Very recently, Yang et al. have shown that CypA is an essential co-factor for numerous HCV genotypes, including genotypes 1a, 1b and 2a (isolate JFH1) (25) .
In view of these conflicting reports, we used NMR spectroscopy to probe the interaction of NS5A-D2 (JFH1) with both CypB and CypA. Chemical shift perturbation experiments on both NS5A-D2:CypA and NS5A-D2:CypB complexes gave evidence for a direct physical interaction, that is localized to the active site on the Cyclophilins (Figure 3 ). Important chemical shift perturbations have been measured for CypA R55, F60, M61, N102, F113, and H126 residues and the equivalent residues on CypB, all previously shown to directly interact with a peptide substrate (64, 65) . Titration experiments with the NS5A-D2 domain against both Cyps allowed to quantify the interaction with K D values of 64 and 90μM towards CypA and CypB, respectively. As the active site of the Cyclophilins coincides with their CsA binding groove, we indeed found that CsA very efficiently competes with NS5A-D2 for binding to the Cyclophilins. Its nanomolar affinity toward Cyclophilins (66) causes a complete inhibition of the molecular interaction between NS5A-D2 and the Cyps.
Although the obtained K D values are comparable to the 15µM dissociation constant that has been measured for CypA toward HIV Capsid (14,67), one fundamental difference became clear from the observed broadening of the Cyp active site resonances upon increasing NS5A-D2 concentration. The CypA/HIV capsid interaction indeed has been localized to a single G 221 -P 222 motif in the HIV capsid protein, whereas for the present case, it seems that many prolines can interact with the Cyps. When repeating the titration experiment with a peptide (PepD2, residues 304-323 of NS5A) containing only 5 out of the 15 Proline residues in full-length NS5A-D2, the titration behavior proved more conventional but led to a tenfold lower interaction strength. Other anchoring points thus contribute to the interaction with the intact D2 domain, and the line broadening observed for the cis proline associated resonances even upon addition of catalytic amounts of Cyclophilin suggests that the overall interaction strength comes from several anchorage points distributed over the NS5A-D2 sequence. The presence of multiple mutations in NS5A-D2 that confer CsA resistance to the HCV virus is in agreement with the absence of a single interaction hotspot on the D2 domain, but equally suggests that a functional interaction requires a narrow window of Cyp concentration in the complex.
Both CypB and CypA bind a highly conserved motif in domain 2 of NS5A centered on the 310-PAWARP -315 sequence in the JFH1 HCV clone. Whereas CypB solely interacts with this hexapeptide, the motif recognized by CypA is however larger and corresponds to 304-GFPRALPAWARPDYNPP -320 ( Figures 5, 6 and Supplemental Figure 3) . Indeed NMR resonances of G304, A308, L309, D316, Y317 and N318 are only affected following CypA addition whereas A311, W312, A313 and R314 resonances are perturbed in the presence of either Cyclophilins. Although highly specific, this peptide does not contribute more than one tenth of the interaction strength. The natural abundance 1 H, 15 N HSQC spectrum acquired on this peptide mapped very well to the corresponding residues in the fulllength NS5A-D2 sequence (data not shown), excluding a difference in structure and dynamics as the source of this discrepancy. Importantly, at least 6 residues in this NS5A-D2 motif recognized by CypA were previously shown to be essential for HCV replication in a subgenomic 1b replicon system (Con1 isolate) (29) . In this genotype 1b isolate the motif is rather well conserved with only 3 amino acids substitution compared to genotype 2a (JFH1), 308-KFPRAMPIWARPDYNPP -324 (Supplemental Figure 6) . The mutant M313A replicates with very low efficiency close to the detection limit, the mutant P314A was lethal, the W316A one was moderately impaired, mutant A317G yielded a small colony phenotype, mutant Y321 was severely impaired in replication and also gave a small colony phenotype, and the P324A mutant was also lethal (residues highlighted in black in Supplemental Figure 6 ). These results from Tellinghuisen et al. (29) , combined with ours showing a direct interaction of CypA with the corresponding region in NS5A-D2 and finally the finding that CypA is an essential co-factor for HCV replication (genotype 1a, 1b and 2a) (25) suggests that the replication defects of NS5A mutants might result from an altered interaction between the Cyclophilin and NS5A-D2 in this zone.
Several groups have applied CsA treatment to virus infected cell cultures to select for mutations that directly would confer resistance. A (genotype 1b) HCV replicon mutant bearing a mutation corresponding to Y317N in genotype 2a exhibited enhanced CsA resistance (26) . This Y317 is just downstream of the motif identified, and belongs to the binding site of CypA but not of CypB ( Figure 5 ). However, in the same study, 6 additional mutations were discovered in NS5A, of which 4 are located in domain 2, 1 in the low complexity sequence between D2 and D3 and another one in D3 (26) . Mutations that have been identified in domain 2 (1b) (highlighted in grey in Supplemental Figure 6 ) correspond to the following residues in NS5A-D2 of genotype 2a (JFH1): D256, V276, L280 and M299, and therefore do not map directly to the above described conserved motif. These residues do however contribute to the interaction with the Cyps, as they are centered on the NS5A-D2 region for which highest efficiencies have been measured for the CypA-catalyzed cis/trans isomerisation reactions ( Figure 6) . Only P282 appears to be conserved in genotypes 1a and 1b (Supplemental Figure 6) , arguing against the precise localization as the important factor for Cyclophilin function in the RNA replication. The requirement rather seems the presence of a well-defined amount of Cyclophilin at the NS5A-D2 surface in order to confer functionality
Our interaction experiments with 1:1 molecular ratio between domain 2 of NS5A and Cyclophilins showed a pronounced broadening of all resonances corresponding to residues in the vicinity of a cis-proline residue, leading us to investigate the peptidyl-prolyl cis/trans isomerase activity of the Cyclophilins towards prolyl bonds in the NS5A-D2 domain. NMR exchange spectroscopy, previously used to characterize the CypA catalyzed cis/trans isomerisation of the G221-P222 peptide bond in HIV Capsid (14, 15) , indeed provided direct evidence for the catalytic activity of the Cyps, and allowed to assign the effect to individual prolyl bonds. Because of the unstructured nature of NS5A-D2 and the resulting low proton amide dispersion, 1 H, 15 N heteronuclear z-exchange spectroscopy (49) proved to be superior over 1 H, 1 H homonuclear EXSY spectroscopy and allowed us for the first time to prove in vitro that HCV NS5A-D2 is a substrate for the PPIase activity of at least two host Cyclophilins ( Figure 6 and Supplemental Figure  4 ). Despite the fact that both CypA and CypB catalyze the cis/trans isomerisation of the same NS5A-D2 X-Pro peptide bonds, they do not act with the same efficiency. Domain 2 of NS5A is a better substrate for CypA than for CypB, with a mean exchange rate (kexch) of 28.9s -1 for CypA and only 11.1s -1 for CypB. Every enzyme equally has its preferred sites that do not necessarily coincide. The highest enzymatic efficiencies have been measured in the E271-M283 region of NS5A-D2 for CypA, with maximal k exch values of 59 and 61s -1 for E281 and M283, respectively, which probably reflect the isomerization of the E281-Pro282 peptidyl-prolyl bond. The maximal activity of CypA in the N-terminal region of NS5A-D2 coincides with the localization of the majority of resistance conferring mutations. Together with the stronger affinity, this supports the dominant role for CypA in the infection process. This conclusion has been confirmed by HCV infection and replication assays using cell lines with stable knock-down of CypA and CypB 4 . CypB displays more activity towards the C-terminal half of the NS5A-D2 domain, with an optimal activity towards the Q331-Pro332 peptidyl-prolyl bond (k exch =31s -1 ) ( Figure 6 ). For comparison, Bosco et al., have found that with a comparable enzyme:substrate ratio as used here, the CypAcatalyzed cis/trans isomerization of the G221-P222 HIV Capsid bond was characterized by a k exch value around 10s -1 (14, 15) . However, in their system, CypA specifically binds to and catalyzes cis/trans isomerisation of G 221 -P 222 over other G-P motifs in the HIV capsid. We show here that CypA is enzymatically active on almost all X-Pro NS5A-D2 sites, albeit with different efficiencies. The absence of specificity of CypA toward NS5A-D2 sites is possibly related to the unstructured character of the protein, as Cyclophilins lack specificity towards peptide substrates (68) .
The present structure-function study provides the first molecular basis for further understanding of resistance of HCV replication to CsA and analogues. As CsA abolishes the interaction between NS5A-D2 and CypA but also the PPIase activity of CypA toward this domain, we cannot conclude if it is the binding, the catalytic activity or even both that are involved in the HCV replication process (69) . Indeed, Cyclophilins may play biological roles either by catalyzing the cis/trans isomerization of a peptide bond, as for the tyrosine kinase Itk (70) , or by interacting with a X-Pro motif that is no longer available for interaction with others partners, as is the case with HIV capsid with TRIM5α and CypA (12, 13) . Further studies with NS5A-D2 and the Cyclophilins in the presence of an interacting partner such as NS5B and/or RNA will be necessary to evaluate their precise role in the HCV life cycle. 
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The abbreviations used are: aa, amino acid; CD, circular dichroism; HCV, hepatitis C virus; HSQC, heteronuclear single quantum correlation; NMR, nuclear magnetic resonance; mtHsp70, mitochondrial heat shock protein 70; NOE, nuclear Overhauser enhancement; NOESY, NOE spectroscopy; NS5A, nonstructural protein 5A; NS5A-D2, recombinant protein representing aa 248-341 of NS5A from JFH1 HCV strain, with a N-terminal Methionine and a C-terminal LQHHHHHH extension; RMSD, root mean square deviation; SDS, sodium dodecyl sulfate; TCEP, Tris(2-Carboxyethyl) phosphine hydrochloride; TFE, 2,2,2-trifluoroethanol; THP, Tris(hydroxypropyl)phosphine. FIGURE LEGENDS FIGURE 1. Sequence analysis and biochemical characterization of NS5A-D2 domain 2 from HCV. A. Amino acid repertoires. The NS5A-D2 aa 248-341 sequence from the HCV JFH1 strain of genotype 2a (GenBank accession number AB047639), which was used in this study, is indicated. Amino acids are numbered with respect to NS5A and the HCV JFH1 polyprotein (top row). The hyphens indicate the aa deletions comparatively to the sequence alignment of any genotypes (see below). The aa repertoire deduced from the ClustalW multiple alignments of 21 NS5A sequences of genotype 2a is reported at the top. Amino acids observed at a given position less than two times were not included. Below is the aa repertoire of the 27 representative NS5A sequences from confirmed HCV genotypes and subtypes (listed with accession numbers in Table 1 in (71), (see the European HCV Database (http://euhcvdb.ibcp.fr/) for details). The degree of aa and physicochemical conservation at each position can be inferred from the extent of variability (with the observed aa listed in decreasing order of frequency from top to bottom) together with the similarity index according to Clustal W convention (asterisk, invariant; colon, highly similar; dot, similar; (40) , and the consensus hydropathic pattern deduced from the consensus aa repertoire. o, hydrophobic position (F, I, W, Y, L, V, M, P, C); n, neutral position (G, A, T, S); i, hydrophilic position (K, Q, N, H, E, D, R); v, variable position (i.e., when both hydrophobic and hydrophilic residues are observed at a given position). Position underlined in the hydropathic pattern for any reference genotypes (bottom) indicate the change of position status when compared to the hydropathic pattern for genotype 2a (middle). Secondary structure predictions of NS5A-D2 are indicated as helical (h), extended (e), undetermined (coil, c), or ambigous (?). Sec. Cons., consensus of protein secondary structures predictions for NS5A-D2 from JFH1 strain deduced from a large set of prediction methods available at the NPSA website, including DSC, HNNC, MLRC, PHD, Predator, SOPM, and SIMPA96 available at the NPSA website (see http://npsa-pbil.ibcp.fr (38) and references therein). B., Gel filtration analysis of NS5A-D2 was performed on a Superdex S200 column equilibrated in 50 mM sodium phosphate, pH 7.4, 1 mM TCEP, with a flow rate of 0.5 ml/min. Elution volumes of globular protein standards are indicated by black arrows with the following corresponding molecular weights : 1, thyroglobulin (669000 Da) ; 2, ferritin (440000 Da) ; 3, aldolase (158000 Da) ; 4, conalbumin (75000 Da) ; 5, ovalbumin (43000 Da) ; 6, chymotrypsin (25000 Da) ; 7, ribonuclease (13700 Da) ; 8, vit B12 (1355 Da). C., Far-UV circular dichroism analysis of 8 μM NS5A-D2 in 10mM sodium phosphate, pH 7.4, 1 mM TCEP (solid line) complemented with 50% TFE (dotted line). Difference spectrum (alternate dashed line) was obtained by subtracting the latter spectrum to the former. 13 Cα, 13 Cβ and 13 CO chemical shifts were analyzed using the CSI software (54) . The consensus CSI is zero along the complete sequence, and is therefore not shown. Figure 4 and text) are marked with asterisks (*). D., Determination of the CypA-(in black, ∆) and CypB-catalyzed (in gray, ×) exchange rates toward the V274-P275 NS5A-D2 peptide bond. Experimental data, measured on V274, for (I tc /I tt ) (CypA, ∆; CypB, ×), were fitted to the theoretical equation 2 (see Experimental procedures) (CypA, black line; CypB, grey line). E. Resulting exchange rates (k exch ) of the cis/trans isomerization processes in NS5A-D2 catalyzed by addition of catalytic amounts of either CypA or CypB.
